Growth of a TiO 2 film on a Si wafer by CVD method was studied for a new design of chemically stable device which is useful in the visible region and increases the efficiency of the photocatalytic decomposition process of water. This design is made up of a monolithic structure of a TiO 2 thin film and a Si solar cell. The TiO 2 film was deposited on a Si substrate by the vapor phase reaction of Ti(OPr i ) 4 with water at temperatures from room temperature to 473 K. At room temperature, a rough TiO 2 film with a nano-sized cone shape deposit was observed by AFM. The smooth TiO 2 film of ∼ 10 nm thickness was obtained by the reaction of 80 Pa Ti(OPr i ) 4 and 493 Pa water vapors at 473 K for 10.8 ks. The surface and the thickness of the film became rougher and thicker, respectively, with increasing pressure of Ti(OPr i ) 4 .
Introduction
Titanium dioxide (TiO 2 ) has been expected as a material for the photo-decomposition of water, 1, 2) however, the efficiency of the photocatalytic decomposition process of water into oxygen and hydrogen is not sufficiently high since TiO 2 is only active in the ultraviolet region (Eg = 3.2 eV). If there are any chemically stable devices which are useful in the visible region, it is possible to increase the efficiency of the photocatalytic decomposition process of water.
We have proposed a new design of such devices 3) in which a conventional closed circuit photoelectrochemical cell 1, 2, 4) employing an anode of the TiO 2 /Si device and a metal (Pt in most cases) cathode is used. The hetero-structure and energyband structure of the TiO 2 /Si device are shown in Figs. 1(a) and (b), respectively. The TiO 2 film plays as both a photocatalyst for decomposition of water and a protection film to prevent the oxidization and/or dissolution of the Si surface. The solar energy in the ultraviolet region is absorbed in the TiO 2 film. The photoexcitation of the TiO 2 film injects electrons from its valence band into its conduction band. The photogenerated electrons and holes are effectively separated. The electrons flow to the Si solar cell and the holes flow to the surface of the TiO 2 anode where water molecules are oxidized to oxygen. The solar energy in the visible region passed through the transparent TiO 2 film is absorbed in the Si solar cell, and generates electrons and holes.
The electrons flow through the external circuit to the Pt cathode by the internal potential, qV, of the Si solar cell and contribute the generation of hydrogen gas reduced from water molecules through the Pt cathode. The internal potential heightens the potential of the hydrogen evolution reaction by qV and rises the efficiency of the decomposition process of water.
A part of the holes photogenerated in the Si solar cell should effectively reach at the surface of the TiO 2 anode film, in order to effectively flow the photogenerated electrons and holes in this closed circuit. The valence-band offset between the TiO 2 thin film and the Si solar cell prevents the flow of the holes photogenerated in the Si solar cell. So, the thickness of the TiO 2 thin film should be enough thin for the holes to go through the film by the tunnel effect. On the other hand, a part of the holes photogenerated in the Si solar cell reach to the interface between the Si (or SiO 2 ) surface and the water through windows of uncovered parts of the TiO 2 film, and partly contribute to generation of oxygen. The Si surface of the window parts is naturally protected by SiO 2 films. Since the TiO 2 film also plays an important role as the anode where water molecules are oxidized to oxygen in this case, it is also important to find the effective coverage ratio.
The growth of TiO 2 thin film on Si have been reported, 5, 6) while study for the growth of nano-scale TiO 2 film is limited. In this work, deposition of the TiO 2 nano-scale thin film on a Si(111) crystal was examined by the chemical vapor deposition (CVD) method using titanium tetra-iso-propoxide (Ti(OPr i ) 4 ) and H 2 O vapors at temperatures from room temperature to 473 K.
Experimental

Materials
Special grade titanium tetra-iso-propoxide (Ti(OPr i ) 4 ) obtained from Wako Pure Chemicals Ind. Inc. was put in an air-tight vessel in an inert gas glove box because of its hygroscopic property. A distilled water was used for the hydrolysis of the titanium compound. A silicon single crystal wafer of 0.5034 mm thickness with (111) polished surface was used as a substrate.
Chemical vapor deposition method
Schematic drawing of the experimental set-up is shown in Fig. 2 . A silicon single crystal substrate (5 mm × 5 mm × 0.5 mm) was set in a quartz boat. It was placed in a center part of a Pyrex reaction tube. Two air-tight Pyrex vessels of distilled water and Ti(OPr i ) 4 were connected to the one end of the reaction tube. The vacuum and nitrogen supply lines were connected to the other end of the reaction tube. First, the reaction system was evacuated by a rotary pump for 1.8 ks. Then the vapor of Ti(OPr i ) 4 was introduced to the reaction tube. Next, the vapor of water was introduced. The vapor pressures of Ti(OPr i ) 4 and water in a reaction tube was measured by a digital manometer (SAYAMA TRADING Co., Ltd., MANOACE 30B-1000M-A-R). Since the vapor pressure of water is much higher than that of Ti(OPr i ) 4 at room temperature, the water vessel was dipped into an ice-cooled water bath. The vapor pressure of water was controlled within the value of 493-507 Pa. Then, both the ends of the reaction tube were closed. The tube was heated to an intended temperature by a wire heater and kept at this temperature for an intended time. After the reaction, the reaction tube was evacuated and refilled by nitrogen. The surface morphology of the obtained substrate was observed with an atomic force microscope (AFM, SHIMADZU, SPM-9500J2). The thickness of the film was obtained by the average thickness of the cross sectional image of AFM. The surface compositions of the films were analyzed by X-ray photoelectron spectroscopy (XPS) using a PHI model 5600 XPS system with a concentric hemispherical analyzer.
Results and Discussion
When the Si(111) substrate was reacted with 173 Pa Ti(OPr i ) 4 vapor, the AFM image of the obtained TiO 2 film was shown in Fig. 3 . The surface of the substrate seems to be slightly rough comparing with that of the original Si substrate. Since the amount of OH group adsorbed on the surface of the Si substrate is thought to be too small to proceed the hydrolysis of the Ti(OPr i ) 4 , it is considered that very small amount of TiO 2 was formed on the Si substrate by the hydrolysis of 4 with the moisture in the air. This may cause the roughing of the surface. By the XPS survey scan of the film, titanium was not detected. Consequently, to proceed the hydrolysis of Ti(OPr i ) 4 homogeneously, another water supply is needed during the hydrolysis reaction.
From the result mentioned above, deposition of TiO 2 film by CVD using Ti(OPr i ) 4 in the presence of water was examined. The following reaction takes place for the hydrolysis of Ti(OPr i ) 4 with water. Figure 4 shows an AFM image of a TiO 2 thin film deposited on a Si(111) substrate by the CVD method using 147 Pa Ti(OPr i ) 4 and 493 Pa water vapors at R.T. for 86.3 ks. The cone shape TiO 2 was deposited on the surface of the substrate forming a rough film with a thickness of 20 nm. It is suggested that the heterogeneous nucleation, which makes the surface rough, seems to occur on Si substrate at room temperature.
Ti(OPr
From the result of the XPS survey scan of the obtained film, the peaks for O1s, Si2p and Ti2p electrons were observed, while that for Ti2p was not when only the Ti(OPr i ) 4 vapor was introduced. Since only the peak for adsorbed carbon, such as CO 2 , was observed, it is considered that the i-PrOH and its derivative organic compounds did not exist in the film. The observed peak values for Ti2p 3/2 electrons is 459.2 eV and in good agreement with the typical binding energy of Ti2p 3/2 electron, 459.2 eV, for the anatase type TiO 2 . By the same method as the present study, the formation of the anatase type TiO 2 was reported. 7, 8) TiO 2 thin film was generated by CVD using 80 Pa Ti(OPr i ) 4 and 493 Pa water vapors at 473 K for 10.8 ks. An AMF image of as obtained film was given in Fig. 5 . The surface of the film is very smooth although several small holes are observed. The thickness of this film is about 10 nm. The present structure is seems to be applicable to the photochemical cell as mentioned in Introduction. Namely, the surface of the TiO 2 thin film has several holes of about 30 nm diameter which penetrate to the Si crystal and play effective role as the window. The surface roughness can be easily controlled by the growth conditions and be effective to heighten the efficiency of the decomposition process of water. For the present structure, the optimum thickness and coverage of the TiO 2 thin film should be experimentally determined to prepare the TiO 2 /Si device with the maximum efficiency of the photocatalytic decomposition process of water. An AFM image of a TiO 2 thin film deposited on a Si(111) crystal by the CVD method using 200 Pa Ti(OPr i ) 4 and 507 Pa water vapors at 473 K for 10.8 ks is shown in Fig. 6 . The growth of TiO 2 cone was clearly observed. The thickness of the film was around 40 nm which was four times thick compared with that of TiO 2 film obtained from 80 Pa Ti(OPr i ) 4 and 493 Pa water vapors. Figure 7 shows the thickness of TiO 2 film as a function of vapor pressure of Ti(OPr i ) 4 when the TiO 2 film was deposited on a Si substrate of 473 K by CVD method using vapors of Ti(OPr i ) 4 and water of around 500 Pa for 3 h. It is seen that the thickness the film increased monotonically with increasing vapor pressure of Ti(OPr i ) 4 up to around 800 Pa. At higher vapor pressures, the thickness of the film became not so thick as expected. This suggests that the hydrolysis reaction does not proceed sufficiently by the small amount of H 2 O compared with that of Ti(OPr i ) 4 . When the vapor pressure of Ti(OPr i ) 4 is higher than 1333 Pa, the surface of the substrate was wet by the Ti(OPr i ) 4 itself and the film was cracked and broken away. So the high vapor pressure of Ti(OPr i ) 4 is not suitable for the growth of the smooth TiO 2 thin film.
Conclusion
The new design made up of a monolithic structure of a TiO 2 thin film and a Si solar cell is proposed to increase the efficiency of the photocatalytic decomposition process of water by using the visible region of the solar spectrum and by heightening the potential of the hydrogen evolution reaction.
The two structural ideas are proposed to effectively flow the electrons and holes photogenerated in the Si solar cell through the closed circuit and to functionally operate the TiO 2 /Si device. Based on the proposed idea, the TiO 2 film was deposited on a Si(111) substrate by the vapor phase reaction of Ti(OPr i ) 4 with water at temperatures from room temperature to 473 K. At room temperature, a rough TiO 2 film with a nano-sized needle shape deposit was observed by AFM. Growth of the smooth TiO 2 film of ∼ 10 nm thickness was observed by AFM when the 80 Pa Ti(OPr i ) 4 and 493 Pa water vapors were reacted at 473 K for 10.8 ks. It was concluded that the hydrolysis of Ti(OPr i ) 4 should be done with its low vapor pressure and the presence of water is needed for the growth of nano-scale TiO 2 film on the Si(111) substrate.
